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ABSTRACT

A variable stability test bedisunder developnicntiontt
National Highway Traflic Safety Administiation (N} 1 A,
The Variable Dynamic Testbed Wehicle (VI v) 0. nin
designed for reseurch and testing, of advanced ¢ i o)
warning and avoidance technologies being developad b,
industry and most likely being made available 10 cotsurcis
in the near future. The VDTV willalso be used by NS in
support of the Automated Highway System (Al IS)Progan
and possibly by the AHS program directly.

The VYTV will have advanced dynamic subsystenis i
can be varied by on on-board programmmable compt ¢
Suspension, steering, throttle, a n d braking w il thus b
controlled through selected algorithms that may buchunecit,
provide a reasonably broad range of vchicle dsnasi
characteristics. The vehicle is inherently a drive-by-v ir.
system, is instrumented for both vehicle andhumantfate
measurements, and is therefore ideally suite dto oy
intelligent Transportation Systems (ITS) applications

This paper desct ibcs the intended uses of the VIV i
the vehicle's specifications that were developed by the )
Propulsion l.aboratory (JP'1.). It also describes theresu (e o
dynamic analyses that were conducted by JPIpriortomi:
of a system contract to industry for the detailed d esiyn
construction of the vehicle. ‘1 he analysis shows hicd:y
emulation capabilities of the VDTV, as well as oxped e
dynamic performance in limit performance sititions tia)
would be cncountered in severe crash avoidancewheuvits.

BACKGROUND

JPL conducted a study for NHTSA in 1994 (Referorea 1
that examined the need for a test vehicle with franu | dike
those of the VDTV.The study also considered the cos: ol
time to acquire such a capability and lookedat sove ol
con figurations that were designed for specific applic ations
The study found that a VIYTV would be beneficial,not nn
to NHITSA, but potentially to other oganizations, as w il
N} I'TSA decided to acquire a single vehicle and vvwamded 1y
the development contiact in September 1995. JPIscluitins

Systeon contractor in June 1996, todevelop the VDTV
according to JP1s spectfications,

DESCRIPTION

“he VI YTV base vehicle will be in the class of a mid-size
passenger car, 1o this base vehicle will be added the following
subsy stems or featores:

o Steerby-wire, including programmable steering torque

feedback [0 the driver

»  Brake-by-wire, including artificial sensory feedback to
the dr iver

- Throtile-by-wite, including artificial sensory feedback
to the ditver

. Senmiective or active suspension

« Four-wheel steering
Mechanically or actively variable antiroll bar stiffness
(front and rear)

Antilock braking system

« Programmable control system

- Data acquisitton system
Interfaces for test unique equipment/sensors

Major capabilities of the VDTV include:

« Lateral dynamics emulation ofa range o f production
vehicles.

. Ability to putform high-g, limit performance
mAaeuvers.

. Programimable controller allowing changes to be made
insteering, braking, suspension, and throttle control
algorithins.

. Drive-by- w ire for lane- following, platooning, obstale
avoldance r-.seal cli.

. Instrumentation for veliicle, subsystem, and driver
measarermnent

. Data acquisition systew,

“1 he VIDTV is expected to be used by NHT1SA for crash
avoidance testie g, by the National Automated Highway
Consortivniin various arcas of research, and possibly by the
National Advanced Diiving Simulator Program in the
vahdotionof aly orithis and in complementary testing,.

Figure 1depicts the concept described above.
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Figure 1. The Virmbl

VEHICLED YNAMICS

A dynamics analysis was performed to investigatethe
potential of the VIYI'V to emulate the lateral poiionmance i

range of production vehicle sizes given the capabilitvge v e

the steering algorithius and to change front andrearautiiotio:
stiffness.  The objective  of  the  study was to 1o
requirements for the vehicle, in this regard, thut weroichs
included in the procurement package.

The analysis was conducted using the simulation prograr
VDANL (Mehicle Dynamics Analysis, Non-l .ineat) devedongd
by Systems Technology Incorporated. This pn opr ami his
seventeen deg rees of freedomand a comprehensive vehicle
tire data base. The program also has bothopenandclosed 1o
control options Which were used in conjunctionswititfou
wheel steeting algorithms and diflerent collision av oidi e
maneuver analyses. VD)ANI, has been extensively validitedhe
road tests for a variety of production vehicles.

APPROACH! - T he analysis proceeded in three steps

1. Anumber of production vehicles, covering aranges ircn

small economy to latge luxury cars, were analyzedio
determiine their lateral performance capabilities.

2. A 1989 'ord Escort was modified to reptesenta

nominal VDTV, Modifications included mass propest
changes to account for the addition of dynaric
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subsystemsand data acquisition] equipment, higher
performancetires, increases to the suspension system's

spring rates and damping, and addition of variability to . .

the torsional stifl ness of the front antiroll bar,

A series of sensitivity studies were conducted using the
modificd 1 scor t to show how well it could emulate the
range of petformance from the production vehicles of
step 1,

‘1 he results wor o analyzed and used  to formulate
specifications for the Kequest For Proposal (RFP) that was
issucdimMarch 1996. Relerence 2 is the complete specification
that accompanicd the RFP

SEIECTED RYSULTS - Reference 3 provides a complete
and comprehensive discussion of the analysis conducted by
IP1. Representative results are included here to indicate the
general expected lateral performance of the VDTV,

1 NI[J1,A”10N RANGERE QUIREMENT - Figures 2 and
3 show the results of the analysis of several production vehicles
in tenns of roll angle and understeer cocflicient, respeciely -
both a~ a function of lateral acceleration. The range of these
parametcrs was assumed representative of the production flget
for the types of vehicles analyzed. Giwen this range, the
question arises of whether a single vehicle with variable
dynamcsubsysten characteristics could cover it
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MODIFIED ESCORT RESULLS - Figure 4thiough 7 .hiww
results in terms of the same parameters of the modilicd et
when Subjected to a tumn ciicle maneuver in which thevelieh:'s
speed is kept constant andthe steering wheel angltisicrancd
at a uniformrate until the limit lateral accelciationleyclis
reached, In Figured, diflerent antiroll bar conhigwation. e
simulat ed, inclu ding the nominal Fscort, whic b nac o v a
front antiroll bar, Other cases, from one in whiclithe stitngas
of this bar is reduced by a factor of six, to oncinwnrcnthe
stillness is increased by a factor of three in conjunctivnyviiia
rear bar with the same stiffness also are simulated g
illustrates similar results for a continuously vuriallcctre
antiroll bar and whiich was used as the spec’if ics iGnbounarn, .
for the vehicleroll gradient.
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} reures 6a and 6b represent ranges of understeer gradient
thatcould be achicved with four-wheel steering (4 WS) and
diflerent tire configurations. This handling metric is computed
for several AWS control algorithms: rear wheel angle - Kl.
front wheelangle tK? . yaw rate. Kl is a feed-forward gain
that alters the vehicle’s steady-slate response. K2 is a fecdback
gainaflecting boththe  s[mcly-state and transient characteristics
of the vehicle andresults in in-phase rear and front wheel
angles whenpositive (1), and out-of-phase angles when negative
{O).rigure 7 shows the specification boundaries selected for
this pa rameter and generally represent the minimum and
maximuin values with an added approximate 25 percent
IHIs'ylll.
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Figure 7. Emulation range specification of the VIYIV understee
cocflicient

The above s ¢sults are typical of the analyses performed in
support of the VIY |V specification development. The analyses
also considered ttansient 1 esponse  characteristics, which are
detailed i Reference 3. Similar results obtained with an
alternative baseline vehicle are given in Reference 4.

O 1271 FUNCTIONAIREQUIREMENTS

In addits on  to the dynamic performance (lateral and
losgrtudinal)requirements for the VYTV, there arc a number of
more general functionaliequirements imposed on the design in
orderthatthe vehicle satisfy the needs of potential users.

SAFIYTy Safetyis of utmost importance in the design
andoperation of the VYTVt will be emphasized throughout
the progrant. The system contractor will develop a safety plan
i w hich both hardware and software safety criteria will be
speeinied and used to guide the development of the vehicle.
Merification tests wil 1 validate the safety aspects of the VDTV
hetore it is accepted for use. one overriding requirement is that
the vohicle will notiollover on a flat surface.

SUBSYSTEMS - Requirements for each dynamic
subisy ster, similat o those of the vehicle-level requirements,
were also included. These requirements included deliverable
aigonithms which would provide a fully functional vehicle
whiendelivered

APPEARANCE: ‘I he VDTV will have the appearance
of atypical five.[m<srll~,rt sedan, Because it will be used in
human factors ressarch and testing, the interior will be kept
as representative of this class of automobiles as possible.
Safety considerations 1nay require a roll bar or cage for some
typesof tests. lustiumentation and data acquisition equipment
will beinstalled 1w a manner to minimize the modification of
the cab

HUMAN FACTORS Much of the testing using the
VYTV willinvolve duiver/vehicle interactions. For example, an
idealupplicationis astudy of collision avoidance technologies
andhow drivers will 1eact to varying degrees of autonomy. The
VI YTV subsystens willbe programmable to al low user
supplicd collision  warning and/or avoidance devices and
controlalgorithms to be tested in a variety of scenarios. To
accormmodalte this and othet research, the subsystems willhave
vattable sensoty Jecdback capabilities. An example is the
steeting “feel” subsystein which will provide a range from full
angulamouon with tittle torque to an essentially zero motion,
torgue-controlled steering,

RITABILITY Reliability will be stressed in the design
of the VI)'T V. Whilc a complex vehicle, it must be available to
usces 1most of 4hie time;an avail abilsty requirement’ of four
operational days a week was specific,!. Three provisions were
includid to attain this degree of reliabllity:

. Qualification of dynamic subsystems pripr to

integration,

-+ Awmonthelong pedformance  verification test which
repcatedly exereises the VHOTV in the limit performance
regime,

« An optional yeat-long maintenance contract.

SIGERINTERVACE -1 he V)T V. will be designed to
acco nnsodate o varicty of uset-supplicd equipment. Typically,
these devices would include vadar, laser, charged couple device
catners. and othiertypes of sensors being developed both for




collision warning/avoidance and vehicle automation in the
AHS program. It will also permit human {.cies
instrumentation to be easily installed. Accordingly s viral
locations ON and within tite Ve hicle will have mcchin
electrical, and data interfaces preinstalled.

OPI'IONS -- Recognizing that the complexity andeistod
the vehicle are significant factors influencing itrpleinentition,
JPL, asked proposer-s to provide information (technicalandcen)
on several options as follows:

Fully active suspension

Active antiroll bars

Continuously variable semi-active suspetsion
Dynamically variable tire pressure
Fourwheel drive

Changeable dashboard

Maintenance contract

Vehicle replication

Proposers were allowed to include any of thiscopiioisim
their base proposal.

IMPLEMENTATION

A twent y-month development contract is planuzdJPhwil
manage’ the system contract and will design and buldthed: 1
acquisition subsystem. The latter will include au ofl- bowd da
processing capability.

The acceptance test will be conducted at a sitesclate sy
the system contractor. Delivery of the VIYTV is ¢xpectedtaln
made to NHTSA at the their Whicle ResearchandTestooit
East1.iberty, Ohio.
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